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ABSTRACT 


Present nOSFET models -used for CAD pm^ses^ lack i±m 
lewl of precision required fear proper analog circuit design. 
In tie present work a nonlinear aetlxod^ cross modulation is 
used to describe tbe behaviour of HOSSi^T, It is claimed that 
this method can reSveal subtle nuances of tl» behaviour of 
a device and its model. Experiments have Iteen done to 
measure cross modulation in all the regions of operation, 
Cr(^s modula'^on behaviour tes also been simulated using 
spies, Cts^arlson bettseen the two is presented. It is 
shorn that SPICS model is inaiteqmt® to describe 
nonlim^r oharscterls'td.cs of MOSKf, Si^hasis Is given <m 
moderate iiHPer«ion region fer Kditcdi no siadtable sii^le model 
is presently available, Koise Ixihavlour of MGSrei has also 
been measured in im»ierate inves^on and strong Inversion! 
regioj®. It has been fowd tiat Btme correlation ascists 
between the noise and thst nonlinimr bthsvioiir of devloe. 
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CmPBEE I 


INTRODWTIOT 

Prior to the mi^1970sr HOS technology -was utilized 
primarily for memory and logic fmctlon ai:id tk» amlog 
fmctions that w®*6 required in a gliren system were typically 
ia^lemented hy using bipolar integrated circuits* However^ 
in the more recent years, laae steady liKJrease in chip coraple- 

by 

xlty brought about^the contlOTli^ i^ro^wment in Htl^graphie 
resolution imiee created th® ®cc»»ilc incentive to implement 
subsystttos containing bcldi analog and digital fmctlons on a 
single Integrated circuit, TWLs trend is likely to continue, 
since most signals in need of processing are analog at the 
source, yet, the device m^els available are usually good 
enough only for digital ICS circt^t design, 

Jlno'tiaer trend sem iresently is application of 
MCSPEl in low*-voltage and low power applications, Ibe simula- 
tion of the behaviour in weak inversion region becoaes important 
in these applications, because v&ry often the EOS circuit needs 
to be operated in this region* MOSFET are said to have more 
noise as we go from strong inversion to weak inversion 
region [t], 

Tho aim of our prodeot was to investigate the precisimj 
modelling of devices, in weak inversiw, moderate Inversion 
and stroag inversion regi«aas. For this we have used cross 
a non liJ^ar effect to characterize the device* 
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Cross modulation is an undeslred pbenoaenon in conmunication 
system aM through suitahla design technique attempt are 
made to eliminate it* In “tt® present woiii, we take another 
"View and explore those regions of operations where cross 
modulation is significant, fhe significance of the characteri- 
zation of a device using cross modulation lies in the fact titet 
it can retveal the fine details of the device characteristics 
wy easily* 

Many authors have made attracts to simulate the cross 
modulation behaviour of MOSFEf using power series approach for 
low freqwncy behaviour [2^3] and ¥ol1»rra series approach for 
high frequency 'tehaviour £4}* Hiharan ts] also developed a 
model using ctirve fitting approach to qmlltatively describe 
the cross modulation behaviour* But these approactes are 
useful only for simula"tton of the non linear behaviow* io 
physical insight aboxit the device characteristic is obtained 
jarott th^* 

denez^l fcn*mulat±Q« 0 i f<n* device behaviour have been 
developed. There exist single esq^nessions, which are vaUd 
In all regions of operation* They restore tl« higher order 
teimis of tl:® device characteristic in a better way by avoiding 
the artificial transitions from on® region to the next. But 
due to the high complexity of the^ models, the use of different 
equations for different region of operation is considered to 
necessary* ^ genei^l essumpticsa tint is made in popular 
Cin modeX^that weak and strong inversion regions expression 
valid In ad;Jacent regions. Ms seems too crude for analog 
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Mork, It bas been suggested in our w>rk laat suitable 
approximations can be made in the general model to get an 
amlytic expression in -tills region* The necessary parametiwa 
can be extracted by cross ©(xiulation mi^sureiaent. 

In the present wcn’k, we have probed all -tiae regions of 
operation of MOSFETs using cross modulation technique. This 
-technique is shown to be particularly useful for describing 
the beha-viour of -the device in moderate inversion region <ia 
region between weak inversion and strong invei*sicra region). 

The popular CAD models give large errors while describing ti» 
nonlinearities of device* This was -verified usijcg SPICE 
simulation* 

Koise measur^aents ha-ve also been i^de is strong 
inversion and moderate inversion regions* It is shown that noise 
belmviour in the moderate inversion region can not be approxi- 
mated ty the strong Inv^slfxi and weak inversion region 
chsueuct^istics. Proper modelling of noise in the moderate 
insr^^on region is es^hasized* S^e correlation is seen 
between the noise beha-wlour and nonlinear behavioia* of the 
MOSEET* 

The nonlinear behaviour of devices and cross modulation 
are described in Chapter II* The experimental part is also 
given in tids chapter* In Chapter 3* we have -feried to explain 
the results of cross modulaticn experiment* Modelling In 
moderate Inversion is raaphaslzed there* The escperlmental part 
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has heeii ccHupared with tbi SPICE simulation* 1*^:® experimental 
procedures for extraction of the necessary SPICE parameters 
are also described.. Chapter 4 gives the experimentation part 
of noise measurement of MOSFUT, The results are correlated 
with the cross modulation <^ta. Lastly in Chapter 5 the 
ovex^ll work has been summarised and some suggestions for 
further extension of this work have l^en i^de. 



CHAPTER IT 


CROSS HCDUUTIOH mCRY AMD MEASIBWENTS 


All piiysical coBipomixts frad drrioes are inberently 
nonlinear. The nonlinear consideratt.€ma play an important 
role in the operation of OMwnnication and electronic circuits* 
Intermodialation# cross modalatl<m, harmonic generation, 
desensitization, gain co%res®loii/«»pr@S8lon, and apurions 
reap^mse ere the major ncnlinear effect £6]# Tl^se tertaa 
are dei^rih^ briefly in Appendiac (A) * 

Otir Investigation Is directed to^i^ds cross modulation 
in fBTs although ol^or mwalinear effects such as inteniiod;dlation 
(tdiich is closely related) could have been vmd as a measure 
of i^mlinearity £?]• 

In -ttils chapter^ first m liw a geiwral dlsoussion 
on sinusoidal st«sady state renpmse of mealcly nonlinew 
systems. Then we triefly describe the role of frequency 
mixes for understanding the generation of Vaxdous frequency 
components. Cross modulation, which arises due to some of 
those frequency mixes, is discussed later with our experlB»ntal 

work. 

2 1 SIMUSOIDAL STEADY STATE RESPONSE OF WAKLY HONUHEAR 

^ sYsms 

let us consider a weakly nonlinear circxiit with input 
3E(t> and output y(t>. Based ^poa Yolterra analysis, the 
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nonlinear transfer function models the circuit as shown in 
Fig# 2,1, This model consists of the parallel ctmbination of 
K block with each block having, as a cotioh input, the circuit 
excitation x(t). The oulput of the block is denoted, by 
y^jCt)} n * 1,2,,,,,,N, The total response is obtained by 
Blaming the outputs of the individual blocks so as to yield 

y(t) - y-j(t) + y^Ct) + + yjj(t) 

H 

« s y (t) (2.1) 

»*1 “ 

The n^ blodk, ct^^ctarised by the n^-order nonlinear 
tninafep faction is of n'^ ordor in the 

sense that multiplication of the irput x(t) by a constant A 
results in multiplication of the output Tj^Ct) by the constant 
Blocks above order ai^ mt inclsided in the model because it 
is assiMed they contritnite raegligtbly to the output# 

To study laae simtsoidal steady state of weakly nimlinear 
syst^as^ let the input to t^ model shorn in Fig# 2#1 be a 
sum of sinusoidal signals. The excitatlcm can be eixpressed 
as 

Q 4 Cl 

x(t) « lE-1 cos (2nf t + ©q) * w S E exp(d27if t) 

q»1 ^ ^ H ^ q„«Q 4 4 

th 

^dsere E Is the cc^lex voltage of the q tone. 


» «r « * • 


(2,2) 
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In the nonlinear transfer function approach the total 
response of the nonlinear system is expressidfe hy (2*1), 
where [6] 




Q 

S , • • « • 


Q 

S E 


0 0 at ^ 


E 


% 




^1 




esqpL^anCf + 


U-- 


(2*3) 


This means that, when a sxm of Q sinusoidal signals 
is applied to a nonlinear circuit,^ additional output frequemsies 
are generated by 1daB n order portion of the circuit 


consisting of aH possible ©omhlnaticaas of the input frequencies 
HrQ,*****-<f^,f^****,lQ taken n at a time. As revealed in 

(2*3)1^ 

{ ^ ^ *■# 

^1* 


• ) Is tte nonlinear transfer function 

relating the' output at freqi;^n©y (f- +,*»***^f« ) to the 


iiputs at freq^ncies f^ # f„ 


2*2 ROUS Cr FRKtlESCT MIXES IM m GEI^iATIOH OF VARIOIB 
SmilJEKCY COMPOREMTS 


The process by which two or more signals combine in 
a nonlinear manner so as to produce new freqtrency components 
is known as intermodulatlon. In Ihls broad sense, intermodulati® 
enco^>asses all of the ncmlinear effects mentioned at the 
beginning of this chapter* For the ease of distinction from 
o^ser no nUn ear effects m would give it a restrictive 
in^rpretatlon as followed in most of literature. Specifically, 
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interraodtjlation is used to refer to only those nonlinear 
iTequency coiBponents, resulting fr<» frequency alxes, tMt 
are not Included in tl:© oaiagories of cross acKiulatioid, 
Mraonic genej^ation, desensitization, gain cosapTOssloiV 
expression and spurious response. 

Let denotes the number of times the frequency 
appears In a particular frequency mix. Then for input x{t) 
given by eq* (2,2) all the freqtwsimy mixes are represented by 
the frequency mix vector 




(2,4) 


T1» ccarrespondlng frequency is 

Q 

C ^ 

® fe*-a 

k ^ 0 


(2,5) 


F®r to n order component of tim response, the obey 
the constraint 


Q 

t 

k»*-Q 


* ^ • n (2*6) 


k ^ 0 


Therefore, the output frequencies in eq, (2,3) can he 
interpreted as those intermodulation frequencies that can be 
gan^ated by all possible choices of tlx» s such that eq, 
(2,6) is satisfied. 
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Using ec, (2.3) it can I® shown Idiat for a particular 
yeclxet m, correspoisiing to order ^ tlm 001^)0-0 is giwn hy [ 6 ] 

. 


TjjCtjja) 


where (n^) 


l\(m)l cos Csjrf^t 4 . 0 ^ + >^(1)3 

n*. 


• • »t « «■ fc * • 


t 

1 • 


( 2 . 7 ) 

( 2 . 8 ) 


'a* /V 

0 * St^k^k* (a- * 0| + .... + {ibq - ®_Q/% 

“ lc»-Q 

k ^ 0 

Hj^Ca) is ordjar nonlinear transfer function for the 
mix weetcsr n. It is 


H^(s) l\(a)l 




ra. 


The order portion y(t) can ncm he wri^ten as 


y^(t) « t r^iti i) 


( 2 . 10 ) 


Where the staswation over £ is defl»ied to he 

n n 

S • S »•«*» ^ ^ 


n 

t 


( 2 . 11 ) 
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with condition that eq* (2*6) is satisfied. 

It can be shown that tie stsmation in (2,10) for 

obtaining yjj(t) extends over 

(2Q -k n - 1)1 

M * 

n*. (2Q - 1)*, 

distinct vector n. 


( 2 , 12 ) 


2,3 CRCBS MQDUUHOH 


Cross ©odulation is the nonlinear effect whereby 
modulation frm one signal is transfered to anoti^r fhus# 
if too sinusoidal signals cmly one of which is ae^litude 
fflodulatod^ are allied to a ixmlteear device or oirciiLt, then at 
toe output ona finds that that signal, which at the input 
was not modulated, also gets so®s modulaticwi, Ibis process 
is well known in cc®»unication systems and because of tt» 
understable effects, efforts are mede to eliminate torou^ 
stii table device and circuit design £8}*. 

fhe tosio process &f m’oss leiodulatlon can be furtoer 
explained with tb® help of schemtic diagram shown in Pig, 2*2# 
Here a sinusoidal signal 3^g(t) cf f^ and s® 

UOTodulatod signal ^<j;(t) of freouancv tj and sidebands 

f_ + f are summed and applied as ljg>ut x(t) to a nonlinear 

*** m 

systoi (which is otn* case is a tlOSFBl aa^lifier) , A plotcarlal 
reiKpesentation of toe ii^t voltage xCt), as would be seen 
on ^pectrtaa amlyaer, is a^trm la Pig, 2*3(a) * 
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Fig 2 2 Schematic diagram for cross modulation 



Fig 2 3 (a) Input signal spectrum 

(b) Output signal spectrum in the vicinity of tg 
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In respoE^e to tbe iaaptrt: x(t) there are many different 
terms contained in the onl^jut as can be seen fipom eq* (2*12) 

In the present work we concentrate only on the output signals 
at and f. + which aloxigwith “Ums sigmls at f + 2f 

«MMr UJ O H*. 

are siKJwn in Fig* 2, 3(b)* 

Let Xj aj^ denote the voltage ^hasor in the 

input signal at frequencies ^2 * ^I^ ^3 * ^l”^m 

m fj+fjjj respectively, and the voltage pt^sors in tte 

output at frequencies f^, f^ *• f^, ^s ~ 

fg + 2fjjj be denoted by Y^, Y^, \ and respectively* 

The mcMlulation index is denoted m^, where 

. * I'fl (2.13) 

( 5 ^) 


The frequency iatx»s o£ our Interest (i^ch contribute 
to cross modulation) are tabulated in Table 2*1* Because 
excitation consists of 4 li^ut freqt^ncies by eq. (2*4) g * 
(% 4 » ®-. 3 » ®-.2» V ®3» negleoted the 

oontribtrtion due to the nonlinear effects above fourth ord^* 
To each vectca* n “Uaere is a vector H' also that yields tt® 
-ve frequency. The positive and laegatlvB frequency terms 
combine to produce real sinusoidal components, 

Kow. we can i®e eq. (2.7) to find out the output due 
to each of these frequency mixes and then find out the 


exiaressions for \Y^\ and jY^l as 

|y^l . 1 1,1 + 3^-icJx,ll\P [1 




2 


] (2.14) 
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’UME 2*1, Freqiitency Mixes of Interest in the Cross Modulation 
Amlj^is. 


®-4 

b»»(m^ 

m 


m^2» 

ffi.j ®3 



0 

0 

0 

0 

1 

0 

0 

0 

• ^s 

1 

0 

0 

0 

1 

0 

0 

1 

“fl ^f^+f/ * f *» f 

4 1 4 1 s 

0 

1 

0 

0 

1 

0 

1 

0 

-f j+f^-ffj m m 

0 

0 

1 

0 

1 

1 

0 

0 

-f2+f.|+f2 " 

0 

0 

0 

1 

2 

0 

0 

0 

— f,^4‘2fji» f* ■ f_ 

1 1 1 S 

1 

0 

0 

0 

1 

1 

0 

0 

— f/.+f j+f_ * f _ f_ 

4 12 s m 

0 

0 

1 

0 

1 

0 

1 

0 

-f^+fi+f j * f g f^ 

0 

0 

1 

0 

1 

0 

0 

1 

* ^s ^ 

0 

1 

0 

0 

1 

1 

0 

0 

-f,+f-+f- - f ^ 4 f 

3 12 s m 

1 

0 

0 

0 

1 

0 

1 

0 

•“fl^+f^+fj "* f|g 

0 

1 

0 

0 

1 

0 

0 

1 

-f^+f^+fj^ * fg 4afg^ 


ly 

m I I 

m 

3/ » 
'2 

Ky iX^l |5^|2 

®1 



Here, we have assiaaed the third order tjransfer function 
equal to a constant over the frequency range of interest* 
Tlie first order transfer function is denoted by * 

Cross modulation ratio is defined as 

(peak to peak variation in envelope of desired 
signal due to sidebands at f ^ + fg.) 

Cffi. ar ■ " " ■ ■ ' ' ' ' 

(amplitude of desired carrier|^ with interferer 

removed) 


( 2 . 16 ) 
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Using eq, (2,14) and (2.15) 


em 


6 g, |X^|^ iit^ 

Ki * 3/^.Kj|x/ 


(2.17) 


The second term in the deaoniinator of (2.17) is nsially 
negligible iidth respect to the first. The cross modulation 
ratio is thsn approximated by 


OIR 55- 6 



I Xil ^ ®X 


(2. IS) 


Thus m see that Glffi can be tased as an indicator of liie 
amoimt of nonlinearity present in a device. This gives the 
ratio of undeslred component to the desired one. We can also 
see the iKBalii^ar behaviour of device as a function of 
bias veriatLiw. 

The third order transfer fimction of the device can be 
found using eq. (2*15) be<»use all other quantities are 
experimentally meoLsiut^tbie 


2.4 MEAStBOffiKT OF CROSS HODUIATION IN MOSFET 
2,4,1 Description of set->tao 

The cross modulation mesisurements have been made on an 
ir*cbannel enhanceisent MOSFET in Idle QTIOS Inverter chip CD4007, 
It has three Invarters of which &m is internally connected 
and the remaining two JfiOS and P&IOS pairs are left without 
intereonnectlGn, 
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The block diagram of tiaB cross mcKiulatioii eaqperiiaent 
(as gi^en in Fig* 2,2) has already been described. Circuit 
diagram of a set is shovm in Fig, 2,4, Tbe unaodnlated 
signal is taken fV-c® test oscillator (H,P, model 651A) 
Hodnlatii:^ signal -teken from anoiaaer similar test oscillator 
is fed to a function generator (Klkusui llodel 4502) to get 
araplitLKle modulated output, 

Tl 3 «se tiro signals are then simcmed iising op-emp stimmer 
Care wlb taken to avoid any nonlinear effect due to 
simmer Itaelf , Use of 74l op-amp gave scase cross modulation 
at its output due to its slew rate limdtetion. So we shifted 
ovw to the use of JPFT input op-esp OA 081 > which has high 
slew rate, 

arrangement of the KOSFET made using two 
oth^ op-ea^s* Oi^ of them acts as I-to-V eonvertar for 
measurement of drain curi^nt Bere again we need JFFT 
input op-astp for measurement of low drain cursrents and also 
ffflr distorttcnless I to V converters^ Drain and gate biases 
of the MBfET are ccaxtrolled using tisj tem^tajm helipots, 
because we need precise variations of the voltage, Op-amp 
was used for drain bias to avoid any loading effect. The 
two capacitors in the gate circuit are used to reduce the 
effects of power sipply ripples and noise, 

and of the MOSFBT are measured using HIL digital 
multimelaer, She spectriBE of the output signal is seen on 
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a spectrm Amlyzer (Takeda-Riken Model m 4120), The settings 
of ti« eisectnm analyzer mtre also wry crxicial for our 
measurements, The spectrum analyzer adds soae nonlinearity 
to the signal l»fcn*e display on the screen. To minimize this, 
the signal to the spectrm analyzer is attenuated using a 
knob on the instrument itself, but if we attenuate the input 
signal too much tten noise starts appearing on the screen. So 
a comprcHnize was made throughout the experimentation so as to 
get nearly true ^wactrum on the screen of ispectrnm analyzer, 

2 *4 ,2 Experimention 

As mentlcmed in the last sectim^ we get many different 
c<mipon@nts at output of a nonlinear system In response to 
the input x(t) , So we get many spectral lines m spcetrw 
anal 3 nB«r corresponding to tfcmse fre<|iamcy cosspcnents. The 
frequencies of Irput signal components are choosen so that 
we do not get aiiy oia^^ Intcrmodulatlon cci^^casent at the 
frequencies corre^onding to anel *3^ fr^ue»y of the 
unmodulated siratioidal signal X„(t) is thus set at 52 lEz and 

cf 

that^the carrier of the modulated signal Xj(t) at 14 KHz, The 
sinusoidal modulating signal of Xj(t) is set at 1,5 KHz. 

The following checks were performed on cross modtilatlon 
before for actual measurero^ts t- 

(a) A featin*e of sq* (2,14) and (2*15), is ttet itlX^l andlXgl 
are multiplied by an arbitrary faster C, with kept constant, 

withlX^fl al^ multiplied by C, tben the ou%>ut would 
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te multiplied by if the iralue of is “tru^ly a constant 
indepeMent of lii^ut. This feature was verified experimentally. 
The observations on different cJmnges in tbe itsputss are given 
in Table 2^, 

TABIE 2,2, Dependance of Cross Modulation Ceapomnts on Input 
Signal, 


XMPUTS OUTPUTS 


wo,” 

\^4 

1 X 2 ! 

IX3I -ix^ 

withlXJ lY^I wi1230ut 
1 ^* 


1. 

-28 m 

-22 dto 

-12db 

-42 dto 

-4*5! dto 

-59 <3ttJ 

-79 dto 

2 . 

-30 dto 

—22 dto 

-t2dto 

-44 dto 

-47 dto 

—61 dto 

-81 dto 

X 

-30 dto 

-24 dto 

-I4db 

•44 dto 

-47 dto 

—64 dto 

HB5 dto' 


(to) At tlM tnpvet^ if the caarrier at is -tewpe^ 

are <»jly three o<»tp<wients of ii^ut at f^ and (tj jt Tbea at 
the <«^ut the i^wa^^tra at get supiaressed tout those at 

f^ + 2 f^ ©ontlnu® to toe present. The si^ression of the 
spectra at ± is predicted eq,(2,15) t^cause If 
[X^l w 0 then jY 2 l * IY 3 I • 0, It can toe shown [I] that 
amplitudes of spectra at f^ + 2£^ are not dependant on 1 X 2 ^ 
hence it^^eapected that they will xKrt get affected If the 
carrier at £j is stppressed, 

(c) Variation of f » f and should not a foot the csross 

® s 

modulation ocmponents, 

After whing the atoove mentioned cbechs^ we measured 
-awaSHeodwlatie» at* Stiff ere3^--b4aa "pei nte ■• 4m ’-ai3r»-»fee^~^^Usee 
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cross modulation at different bias points in all the three 
regions of <^eration of MOSFETs viz, weak inwrsion, strong 
inirersion and linear region* 

Cross modulation was first measured for variations of 
while keeping constant* Cross modulation ratio (CMR) 

V/S is plotted in Pig. 2,5 on ^ewrlog scale for * 0*25 V, 
0,50 V and 1,0 V* The shape of the curve thus obtained agrees 
with the earlier results [2] as reported in literature. 

We got seme peaks in above plots in the linear region 
of MOSFET, So, to see them from another angle, we also 
measured cross modulation fear variations of ^DS* while keeping 
fgg constant. Plots of CW V/S are shown in Fig, 2,6 for 
different values. 

For low value of CS^R saturates at high values dt» 
to the nonlinsaarity of spectrua analyzer, so teose curves can 
te disregarded* For higher values of as Is increased 
OIR rises first and teen starts decreasing in tee linear region 
itself* The peaks are mere pronounced for low teilue cd: This 

beteiviour shows some source of nonlinearity in linear region, 
the effect of which decreases when Y^g is Increased, 

2,5 COIKJUJSION 

We began this chapter with the di^ussion on a general 
view of tee behaviour of nonlinear circuits* This was necessary 
for tmderstandlng of tee cross modulattcm. behaviour. Cross 
modulatlcm ratio was used as an index of nonlinearity present in 
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Dram Voltage Vqs( V olts) 

Fig 2 6 Cross modulation characteristic versus 
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MOSFEf # exjjerimental of the aea8iar«»Bt of cross 

modulation tas also been described* 



cmpm III 


EXPERMSlimL RESUL1S A® CWPOTHl SIWJIAflOH 

fjae ^scussion to laie preYiows chapter wpimsized the 
Importance of cross modulation fcsr describing toe nonlinearity 
of MOSIIET, In the pi*esent cMpter it id.ll he shown toat fro® 
the cross modulation <^cperiment, we can extract some informa- 
tion about the device^ which can he used for modelling 
purposes » 

¥e Shan also see how toe presently awailahle models 
describe the nonlinear beha-vlour of MOSPBT* We simulatod 
the cross modulation in MOSFET using SPIC®* Simulation part is 
given in the second -section of tois cJmtpter*. And finally the 
simulated chamcterls-tics are' ccs^wed wltoi toe experimental 
on@s« 

3,1 nmimm c®* MOSFEt 

Today* s Bedels lach the level Of precisloas 

required for aggressive analog circmit design* The problems 
tor this purpow are presented In the discussion 
that follows* Our experimental results are then discussed in 
this context* 

5*1*1 Drain Current Expression 

Si*^le es^esslotts valid to all regions &t operation 
have l»en developed by considering boto drift end difftasion 
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[9g>10], Such expression avoid artificial transition fro® one 
region to tte laext^ and the corresponding large errors in 
calculating Msall signal parameters. The double integral fcami 
proposed by Pao- 6 ah [9] comes in excellent agreement with 
e3!perlments [lOJ but the need of ecmplex nuttwical calculations 
mkes it iHtpractlcal for actwal circuit design ['Vt ]. The 
mathematical complexity of the very general fcarmulation [ 9 ] 
can be reduce by assuming a * charge sheet model* [10 
however^ the resulting expression give the drain current in 
terms of surface poitentials rather tten termiiml voltage, in the 
form 

ksu 

where is the surface poitential, an^ its walue 
at tha «««» and diwa am of the ehannel reapaotlvely, 4 
is the inverslwt charge per unit area*, and T is i3» electron 

<|tiasi iwetential ■wi’^ re^ject to hulk Fmpml level. So 

accurate explicit ^neral eaqpression is available [ 12 ] for the 
as a function of ¥, approximate such expressions are 
available for the special cases of wak and stw»ng inversion, 
region, but not for the region in between, 

3,1,2 Moderate Inversicn 

In view of ti® high ccaapleeKity cd the formulation 
discussed above, using different equations for different 
regions of cf^ratlcn still seems ruMsesiMry for ccm^utatioxial 


26 


efficiency, pofpular CAD models make an aasimtption which 

is too crude for analog work tl:mt ocmnon weak and strong 
inversion expressions are valid in adjacent regions £12], To 
esiamine this assuosption, let us consider a very small A 

linear variation of Ijj with would iB 5 )ly a constant 
transconductanoe ^ and tire exponential variation (in i^ak 
inversion region) would instead imply a constant Thus 

and Sg^Aj) dsh be used as sensitive indicators of haw 
straight or exponential I^C^Qg) really is, A typical plot 
of these indicators, normalized to their maxlmvmi valxre, is 
shown in Fig, 3,1 £13], It shows that there clearly exists a 
region where neil^rer exponential nor a first degree 

term. This region is called moderate inversicai, region, 

Attesipts to calculate in this region by using either strong 
®r weak inversion ctxmon expressioiMS can result in very large 
error. The width of the moderate inversion region is hundreds 
of mlHivoltSji its exact 1»lue being dependant on i»*ocess 
pax^areters and source^to-substrate bias# 

3*1 *3 Precisic« Modelling 

It is clear tram the above discus-slon ttet for critical 
applications where an accurate small signal analysis is needed 
or where we want to predict nonlinear parameters of a circuit, 
the sublds nuances of the I-V characteristic must be maintained 
Currently, distortion is predicted inaocta?ately by some CAD 
programs £123*^ 
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csro«s modulation ^periment, described in ttie last 
chapter can be used to accurately describe tSna behaviour ot 
MOSFET imoderate inversion region, ¥© can also see 
variations ot the characteristic in different regions, 

3,1 *4 Rcnllnearities in the MOSFET 

Cross modxilatlon is seinly caused due to the third 
order nonlinearity of device [14]^ as w Mve seen in the 
prevloxis chapter. If ve take another view of the same fact, 
we can ea{pl<^ those regions of opeawtions of KOSPEI where 
cross modu3att<m Is significant* Ttm results mn then be 
utilised for physical characterisation the nonlinearity of 
device* 

The curves given in Pig* 2*5 and 1*6 IMicate large 
value of cross modulation ratio in toe modeimte invasion 
regi<ni and surprisingly in the linear region also* is 

increased In the modeo^te inversion regime Qffli deapeases due 
to transltim irm cxponentisl to square law oherac'te?istic* 

¥e get twn i^mlcs in this characteris'tic^ one in toe wwto inter* 
Sion region and other in the linear region* (The peak in weak 
inversion region is not visible in Fig* 2*5 because accurate 
jBcasurements could not be made tolow some particular value of 
^GS due to seme ^{perimental difficulties). 

The first cnier coaponent and the third order coaponents 
of the Ijj characteristics have been plotted In Fig* 3*2^)t© 
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Pig* four flgxjres are corresponding to different 

values of Vjjg idiich are 0*25, 0,!K), 1*0 and 5*0* Me levs also 
plotted tlie ratio of current to transcoxidticta«e in these 
figures, fhe features re^vealed from these curves are as 
follows t~ 

1) gja “ Vqq characteristic does not becoste constant in tte 
linear region ahro^tly, fhe current transconductance ratio alsi 
■beecaaeB constant well within the weak inversicoi region* 

This stKJWS that there does esist a region like moderate 
inversion i^gton where 1t»e "behaviour of the device can not 
be described by either of the clsaraeterlsHes of the 
adjacent regions* 

2) The third order ©oo^wasient assuaes or® piNik in the moderate 
invasion regt<«i and tixe other In tte linear reglcai, the 
value being almost saste in both the regions, Ihe nonlineoErity 
of MCSFET in the linear region can be seen more clearly 

from Pig, 2,6* This shows that the behaviour of the device 
can not described by simple eqtmUon in the linear 
region* For accurate modelling the higrer order terms can 
not be neglected* 

3) The variation of the first order and third order components 
can he used to model t}^ device in the moderate inversion 
regitm. Suitable approximation can be made in the general 
F^aenSah model [f] to arrive at an analytic equatiem in this 
x^giem* The parameters needed for Ihls man he ^tiracted 
from tmmB modulation measur^sent. 
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4) The cross modulation measurements can he used fca* parameter 
extraction of MC^FET. T)® points of inflection of the 
deriTOtives of the M characteristic can be foinKi very 
accurately using these measurements* If ve can theoretically 
fiM. them from the general Fao-6ah equation, some parameters 
of the de'dLce can be extracted, ’which can be used to 
accurately describe the behaviour of the device in all the 
regioEBB, 


3*1 #5 Anproximaticms made in the EbcocHPlientaldoa 


¥e have made ceiHbain apprcacimations in the experimental 
mspK done so far* bet us have a lo«^ at ’th^ and their 
validation befcMre concluding this section* 

¥e Imtve neglected the contribution resulting frc» the 
order aM higher order nonlinearlt'eJof the device* HjIs 
assix^tion is valid only if (1) tb» devltse is weakly nonlinear 
and (2> ir^ut signal asqjlltude are s»ll enough* This was 
verified tising the in-termodulatlon beliaviotr of the device* 

If we give a two tom input (freqtiKmles and fg) 
to -Ihe JiCfflBT, then at output we shall Inte3»odu3ation 
components at ^1'*^2 ^ trqqvemy mixes 

(0010), (0011) and (1020) respectively* If the higher order 
nonlinearities are hegliglhle then fw the case of equal 
available powers of the Input toms, these int^rmodulatlon 
ooipomnts shouM be proper tlonal to the Input powers, with 
the constant of proportional equal to the order of the nonltnearits 


33 


di:® to which they are being prodiiced, Tl»®e three inter— 
modulation c<^>onents are plotted in Fig* 3*2 with respect 
to the input signal level. Fig* 3*3 (a) corre^oi^s to 'tee 
operation of the MC^FET in weak inversion region and Fig* 3^^(h) 
to tee linear region. 

The ii^ut signal levels used at % *“ ^m* 
and t are -*12 dbV, -22 dbV, -12 dbV aM -28 dW respectively 
(0 dW » 1 V) , These values were choosen in siach a way teat 
nonlinearities due to rest of tee circuit andspectrum analyzer 
are negligible* They were kept constant thou^hout tee 
experimentation* Fig* 3,2 shows that these levels of iig>ut 
signals lie almost in the linear j^nge of te® intemodulation 
characteristics , 

5*2 SBIOMTIOH CF CROSS MODlEAflON 

Many authors have cooputed cross «>dulation in PETs 
ti ffing tee power series ejQpansion of tee dtevlce teansfer 
charsct^»i»tec [23,5 ], But c appro^h »s to «tract 
some about tee device behavlmr* and te cjnrelate 

tee nonl rear behaviour to tee basic device equations describing 
the device model* So we calculated cross modulation in MOSFET 

using 

For SFICB simulation, we first found the parameters of 
the device used in cross modulation. The procedures followed 
for the ptepose are described in tee fcUowli^ subsection. 



Magnitudes of mtermoduialfon components — *^(dbV) 
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Fig 3 3 Inter modulation behaviour for 

checking the input signal levels 
(a) in weak inversion 
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Besides SPIGE^ seme more software are i^cessary fc«r cross 
modulation simulation. This is discussed in next i«rt of 
this section l»fore the description of the results of cktoss 
modulation simulation 

3,2,1 Faramoter Extraction fca* SPICE 

¥e specified only liie necessary parameters for SPICE to 
avoid unnecessary COTplicatlons, lEVEL * 1 model of SPICE was 
not sufficient for our purpose since it does not take into 

ccrndLujC-tion 

accomt %ieak inversion ^of tbe device. So we used LEVEL * 2 
model. The |®iraij©ters specified for 12jis are given below, 
with the method used for their measurements: 

(i) (zero^hias threstK?ld voltage) and KP (trmisccaaductance 
l^arame’ferJ 

The square law behaviour of MOSFET was used for the 
evaluaticai of these two paaraaeters, Xq ?/S 
©harmotensttos of MOSPET was measured in satura-tsion s^egion 
and JT-^ was plotted as a function dt as snows in Pig, 3*^ 
The sli^ of the stsmight line ddlai^ these data points gives 
tiie value of KP and the intercept of the line with tlms 
horizontal axis gives VTO, Thus we obtained KP •» 3*8 x 1 o^a/v*^ 
aM VTO *» V# 

(ii) (Surface State DensityV and, (Substrate Dooingl 

These parameters were laeaaured tising the current 
msastireffiesit in the weetk inversion region. The current 
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behaviour in this region has been a subject of extensive 
amlysis Pao and Sah [9] and Swanson and reindl [isl. It 

that 

has teen ©stablisted^for gate voltage and drain volta^ 

Vjj* the drain current in this region is given Tsy [15] 

/• \ ® ^ ^DS 

% * I (^^)2 exp[* ^ ® "" ) 

•«*# C3*2^ 


So, for fixed 


I|3S 

* Iq ea^t — ^ qj 

(3.3) 

and for fixed ¥««, 

IjjS - IJ, (t - « ) 

(3.4) 

wbei*e % 

*t ChaiK®! length 


¥ 

*• Ctennel width, 


C 

dx 

« Oxide ca|m.cltaz)ice 


a 

» Surface mobility 


m 

C + 

mX. I) 

^®JC 

(3 5) 

n 

^cx ^ 

C3vei 


and Cu *Mad C^g are capaeitazKses associated ’wi& the depletion 
layer and fast surface states re^^ctively* If Cjj aid Cpg 
cats te found, the requli^ past^eters can te foiaad by 


* I’^yi 


(3.7) 
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and Cpg i« q.lFS 


(33) 


Equation (3.3) Bham ttat n can be fc«»3d try Ijjg V/S Yqq 
plot* We aeaanred as a function of ^GS using the sane 
set-i^ as described in the last chapter, the valt^s are 
plotted in Fig, 3,5 on sitoilog scale* A straight line was 
fitted in the below threshold region, the slope of this 
line gaw value of n » 2,67. 

Siffillarily we nw^sured I^jg as a ftmction of for 
fixed Vqs «md plotted (1 - eltb reepeet to Vpg. a, glTan lo 
Fig, 3,$, is eqml to liS value of for large 'galue of 
Tjjg) . Ihe slope of the ounm fitted etraight Hoe gave «» 
value of m 2*16* 


Using e<|. (3.5) and (3.6) we foiaad Cj^ » 338 x 10**^ F/cm? 
and Cj^ w 133 x 10”*® F/ca^, then eq. (3.7) and (3.8) w«ce 
used t» calculate the values of KSUB and IPS respectively, the 
values thus obtained ai^e KSDB « 1,t1 x laaT^ aawl WS * 

9,56 X 10^ Of*^. 

(ill) W (Chtea^l Width) and L (Channel hetarlii) 


the values of these paraiaeters were measured in our lab, 
using SEH aft^ opening the chip, We used the same values fcr 
simulation purpose, these are s W »» 175 ^ and L * 12,5 tox^ioos 
S ince the device dimensions are qidte large# there was 
no need of epeoifying those parametsrs idjioh desorit» sjMill 
gseometry behaviour of MOSFEt, 
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Fig 3 6 Subthreshold current 

measurement tor finding 'm’ 



42 


3»2*2 Software PevelopiaeDt 


We made two programs wblch,in coabimtion with SPICE^ 
were used for slratilatiiig the cross modulation heMYicur of 
MOSFET* A block diagram of the three programs with their 
main function is given in Fig* 3*7, It shows how they 
used one after another, to find out CIIR* The programs IMOD 
and PDFT are described below with the steps of ti»lr develop- 
ments 


(i) IHOD 

This program was used as a tool for selection of the 
fi^equencies of the input signals (modulated and tinaodulated) 
for cross modulation simulation. In lab, experim^tatlon on 
cross modulation, this selection was not a big problem since we 
could vary the li^ut frequencies »oothly (In analog fashion) , 
Thej*e are some constraints in the softwai*e simulatioia which 
will be discussed later. 

It was sJwwn in Idie last chapter for a Q freqtwncy 
input, the output due to the n”^ orci^ iransfer fisKstion of a 
circuit extends over (eq. (1*12) repeat»d here) 


n 1); 
____ 


(3*9) 


distinct mix vectors* For exaa^le, in response to four input 
freqtiencies, the third order portion of the system wllk generate 
ff dfti cce^ocents correspoiKiix^ to 60 distinct frequency mixes 



IMOD 

Program for the selection of 
the frequencies of input 
sicn Is 


S^ICE 

For transient analysis at 
one operating point 


PDFT 


For finding the 

freouency 

components in tte waveform 

given by SPICE 
computes CMR 

Also 


Fie 3 7 Block diagram of the software used 
for cross modulation simulation 





We ^nt tlmt no other frequency mix shouM affect the 
output at the cross modulation frequencies and 

fg + fjjj)* except the two listed in Table 2,1 (Mo. 6 aiad 7). 

The inputs to be given to the program BtOD are as 
follows #-• 

1) Ii!^ut iftrequencies (maximuo five frequencies can be specified), 

2) Haximm order of nonlinearity to be taken into accoimt 
(maximum value 7) • 

3) The output ft^equencles to be obsearved (maximum vali» 12) , 

In Xtm output, id® igan'iigicm, gives the mix vector of 
tte input frequencies affecting at tto outptit f3?equei»ies to 
be observed Ci*e* input Ho*, 3)# It also gives order of 
nonlinearity oorrespondlng to those mixes,. 

(11) g&FT 

This program calculates the Discrete F«ri^ Traitsform 
(WT) of the sample points of the mmtwm givte by SPICE 
output. Thaw we estimate ‘U» Pouri«* SmeiMm coefficient of 
the output waveform by DFT, 

The IFT coefficients estimate the Fourier Series 
coefficients very ^11 only If some conditions are satisfied 
[ 15 ], some of which are as follows — 

1) The waveform should be banct-llmited whlcdt implies nonzero 
Fourier S^ies coefficients for ^2 < m < M/2 ^re M is 
the nttab^ of saaple points of tdie waveform. If this 
conditicsi is not met, the out of band eoopcmentm distort 
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2) Tjbei^ should not he any component in the ‘actual* spectral 
of the «iv®fom which comes in betwen the frequencies of 
the ccrapcamits given hy the IFT* This requires that the 
waveform shotild, repeat after the time t^jto which sample 
•mlwea are given to the program. 

Care was taken to fulfil these condition as described 
in the next subsectLcn, 

The program PDPT takes its input from the outptrt file 
produced by SPICE, It uses FET al|(oritlm (C0^AF) of MG 
subroutine library. In the output IWT gives the magnitisie 
of the IFT ccwponents and the frequencies corresponding to 
them. It also gives the normalized »gnltude of all the 
ocmponents with Jimspect to the magnitude ffiC a freqiwsncy 
component apedfied Interactively* We specified the ccw^onent 
corresponding to the frequency fg (please refer to Fig* 2*5) 
for notation) for neimllzaticai. Thus we get the normalized 
magnitude of spectral conqponents at (fg f^) equal 1a> cross 
mdlulaticii s*atio CC3iR)/%* 

3,2,3 Simulation Results 

The selection of input frequencies for cross modulation 
was done using the program *IHOD* , The input frequencies had 

5 

to be choosen tmder the following ccaojtraints *- 

1) They should be multiple of the frequency corresponding to 
the time t^tc which saD^^le value cf wstveform are taken* In 
SPICE we did transient analysis upto 1 mm cnly^ sc all 
j*r€a tweBSias Shotild multiple of 1 KHz* 
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2) The laaximyHi input frequency should be lesstlsan a’tx>irt one/ 
fourl^ of the maximi® frequency ccMponent calculated by DPT, 
This is necessary to approximately fulfill the condition of 
bandwidth Hnitation for IFT estimation of Fourier Series 
coefficien'te. 

We tried several canbiiations lander th® above mentioned 
constraints, to arrive at tl» final selection which is 
f ^ « 25 KHz, - t5 KHz, f ^ * 14 KHz aM f^ * 16 KHz. The 
frequency mixes affecting at 8 oiil^mt freqwncles of interest 
are given in Table 3.1* The extraneous cc^onents upto fourti 
order have been eliminated in the output at frequency f^ •• 

Since our ix^ut fTeq^^sncies are low enough^ the cross modulation 
casponents Y2 «uid are expected to be same* We twed the 
output at the fSrequency (f^ f^^) <xaly 'to find out CKR* 

In toe SPICE input,, we gave four slmmoidal signals of 
the four frequencies found rising HffiD, ffi^nresponding 

to the modulated signal and the foiirto cemi to the umodulated 
signal. The program SPICE and PI^ were run one after the other 
to find out cross modulation at one operating point. This 
was repeated for different operating points at a particular 
drain voltage ^DS (varying V(5s). The results thus obtained 
for w 0.25 V are given in Fig, 3*r8(«t)* 

These calculations were done on idxK parameters of the 
device calculated by us. To see the effect of the variation 
of paraffleters on cross modulstloa,« chamged llFS to 1,00 m 10^^ cm** 
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arid plotted the CMR, V/S V^g oxarwa for san^ wltie of Vj^. 

This Is shown in Fig* 3*8(h). 

The results thus obtained are coB^)ared in the next 
section with the experimental ones, 

3,5 COMPARISON SEMEN THE EXPERIMENTAL AND SIMUIATION RESULTS 


The cross modulation cwrves obtained by SPICE simulation 
(Fig, 3,8) Show qualitatively almost the same features as those 
obtained by experiments (Fig^ 2,5), We get high value of csposs 
modulation in weak inversion region in both the cia*ves and 
then we get another peak also at higher value of gate voltege. 
But if we observe them closely we can note the following 


differences 

1) The simulated curves do not have ttms same smoolSi variations 

as those obtained by ei^rlments, 

2) We get large fluctuation in CMR valtj® rmar the peak 

of the curve* 

3) The values of 0!R are almost Ihe same in tlw weak iinwraion 
regl« i&t the simulated and experimental cis^ves* but tl^y 
differ substantially > in other regions. 

The differences between the experimental and simulated 
curves oan I* attributed to the device equatiooa used in the 
SPICB nodel. It nay be that «» device oodel oamrot correctly 


account lor tna nmilineBr eiiecta. 

For aueulation of tie nonlinear behaviour of KOSTET, 
the rlgM (Nipreach aeem to be the one ad<«.ta4 by Keyer L 1 ], 


F'h 


I 

^ J'v-a ? 

Ti 

^ f 

Uch 


is 917 
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in which they the measured characteristic 

to get Ijj - Vgg characteristic and thus retain the higher 
order terms. But this approach will not do for CAD purposes, 
where a gemral purpose model is required to work for all the 
regions of operations. This demands precision modelling of HtB 
MOSPET, ¥e haye suggested a method to describe Idie behaviour 
of the MOSPET in moderate inversion, where recent models have 
failed. We have also seen tow current models like SPICE do not 
describe the nonlinear behaviour of the device. Further work 
needs to be done for precision modelling of the MOSPET to 
accurately describe the nonlinear beMviour, 


CHAPTER I? 


FLICKER HOISE IN MOSFET 


In this chapter the flicker noise In MOSFET* s has 
been characterized* It is presently believed that the preseii^e 
of electron energy stales at S 1 -S 1 O 2 interface gives rise to 
an input referred flicker noise component; that is larger than 
the thermal noise component for frequencies below 1 to 10 KHz 
for most of the bias conditions and device gecsaetries* In this 
chapter attempt has been made to correlate the cross modulation 
behavioitr with tlmt of the flicker noise* 

4*1 FUCKER NOISE IN mK INVERSION AIO STRONG INVS^SIOH 
REGIONS 


Several models have been proposed to account for flicker 
noise in MOSFET^ the most common being the ability fltiotuatlon 
model (u»ually described by Hoge* s ««j|d.ri®al illation) and 
McWhorter^ s model (which assia^s tunneling' treialtiettjs between 
traps in c®d.de and channel ohaJ^^s)* Reimbold ['''^3 fe^s 
used McWiorter* » model to explain ia» behaviour of noise in 
weak inversion and strong inversion regions* The general 
relation valid for inp^rt referred power spectral density in 
weak and strong inversion regions is 


Sj-ijCf) 




N. 




r2 



(4*1) 


where K 
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y * frequemy dependance constant of noise (0*8 <y<1,2) 

« lyap density 
^ox “ capacitance 

Cjj •* depletion capacitance 

•» interface trap capacitance 
w channel charge 
Iq « drain cwrrent 
K m tunneling constant for electrons 


W and L are channel vddth and leng^ respectively* 
For strong irsrerslon i*®gion 0^^ ^ ox* ^ ^ 










fixe weak lav«rsJ.on region * ®rs 



«, J. t2 

f’’ (=0* * * 'Vs^ 


( 4 . 3 ) 


From the above relations ve can see that in strong 
inversion region is independant of Ip (since 0^^ <x Ip) and 
in weak Inversion region it varies as square of the magnitude 
of current. We probed into these two i^gicMis and the region 
la between (aodarate Inversion) through our measurements on 
noise* 
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4*2 MnASlBEMENT OF NOISE 

There Is a wide variety of methods available fear* accurate 
measurement of noise • digital as well as analog. But we used 
simple oscilloscope method for this purpose, ¥e did not use direct 
reading fresa scope because it results in erroneous reading for 
two reasons • 

1) Noise is highly random nature and is not sinusoidal Since 
rms values are reqiiired for noise calcula'fetons* the conversion 
from scope peak— to-peak values by 2^/2 is not accurate, 

2) Since the noise peaks are random, their visibility on scope 
is Influenced by such things as the scope* s Intensity 
setting, the persistence of CRT is pliospher etc. 

Because of the above reasons^ we used anotlier method 
known as tangential method for the measurement of noise. It 
has been claimed to be having errOT- of less tten 1 db [is ], In 
this method, noise signal is conmeted to both channels of a 
dual trace scope with alternate sweep capability. The vertical 
positions of the two beams are adjusted until the dark band between 
them dust disappears. Then the noise signal Input te> both 
channels is removed. The resulting separation represents twice 
the RNS noise, 

4,3 DESCRIPTION OF SET-W 

A blo<^ diagram of the set-up is shown in Fig. 4,1, Diae 
care was taken to minimize the noise contributions due to 
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Fig 4 ”1 Eyperimental arrangerrcrt for 
measuring noise 
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amplifier, Masing circuit, power at^jply etc. To avoid 
interference effects, the biasing circuit was shielding using 
an iron box. 

The noise of MOSFET was measured in common source 
configuration* To minimize the noise contribution due to the 
biasing circuit itself, we used simple resistor arrangement to 
bias the MOSFET* 

The use of regulated power stj^jply was giving rise to 
50 Hz ripples with external noise ccaoponents added to it. The 
order of magnitude of the noise to measiired was of the order of 
few /*V, No power sig)ply available, could provide ripples of 
less than this order. So we resorted to use of dry cells 
for biasing purpose. 

As shown in the block diagram, we tased a low noise 
preaaiJlifler <NF model LI-75A) amplifying the noise of 
MOSFET*. It was AC coupled to the drain point of the MOSFET 
(cu1>*off fi*e<Ii^noy » 0,2 Hz), the ii^ut referred noise of this 
amplifier is B W/ Viz at i KHz, 

4*4 EXPERIMENTAL RESULTS AND DISCUSSION 

We measured the input referred noise of MOSFET at 
different bias points using the system described in Sec* 4*S. 

A typical spectrum seen on spectrum analyzer at a operating 
point is given in Fig. 4*2* At each operating point, test 
oscillator was connected to MOSFET f<sr measurement of the 
system gain and disconnected while measuring noise* The 
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resulte are given in Table 4,1 (a) and (b). 

Table 4,1 (a) is for *» 3*0 and Tjjg bas been 
varied for bias variation in strong inversion region. As 
esqpectedj ve got almost constant inpnt referred noise within 
the limitation of esqjerlmental accuracy. 

Table 4, 1(b) corresponds to V^s - 6.0 V, and V^g varied 
to move tte operating point from saturation region to weak 
inversion region. Measurements at very low drain current 
were not possible with the present set-n^^ but the readings 
given in this table are enough to conclude th® following • 

1) Input referred noise is independent of current in strong 
inversion region, 

2) As bias is varied from strong inversion to weak inversion 
region, input noise inOi*eases„ This behaviour in moderate 
inversion can not be predicted b^(4,,2)<»p(4,3>?, which are 
for esctreme cases. More measurement eould not be made in 

t he weak inversicn regioni but we e?cpeot the ii^urt noise to go 
down as is further decreased into weak inversion region^ 
as predioted by eq, (4,3)* 

3) The same type of behavior was observed in cross modulation 
experiment as discussed in the previous chapter. The 
third order component also assimes a peak in moderate inver- 
sion region, and decreases in weak and strong inversion 

regions. 

These results call for the need of modelling in 
moderate inveradoii region. We have shown that tb^e exists 
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TABLE 4*1, Noise Measxa*ement Results, 


Input 

(mV) 

Output 

(mV) 

Gain 

(of MOSFET) 

v„„ 

GS 

(V) 

V 

(V) 

Output Noise Input Referred 
(RMS) X 2 RMS Noise (AV) 

(mV) 

20 

52 

2.60 

3,08 

5.0 

20 

38 

20 

69 

3*45 

3,0 

4,5 

20 

m 

20 

a4 

4,20 

3.0 

4.0 

30 

35 

20 

104 

5,20 

3.0 

3,5 

35 

33 

20 

120 

6.00 

3,0 

3.0 

42 

35 

20 

m 

6,70 

3,0 

2*5 

47 

35 

20 

146 

7*30 

3,0 

2.0 

55 

yf 

10 

ao 

6.00 

3.0 

1 S' 

58 

36 

10 

82 

8,20 

3,0 

1,25 

68 

35 

10 

80 

8.00 

3,0 

1,0 

55 

34 

10 

70 

7,00 

3.0 

0.7S 

55 

38 

10 

28,5 

2.85 

3,0 

0.50 

26 

45 


(a) 


Input 

(aV) 

Output 

(i^V) 

Gain 

(of MOSFET) 

^GS 

(V) 

tr 

’'ds 

(V) 

Output Noise 
(RMS) X 2 
(mV) 

Input Referred 

RMS Noise im) 

20 

8 

0.40 

4,00 

6|,00 

4.5 

66 

20 

11 

0.55 

3*50 

6.00 

6,0 

64 

20 

16.6 

0.825 

3.00 

6,00 

r«o 

42 

20 

21 

1.06 

2.76 

6,(K^ 


44 

20 

27.6 

1.375 

2.55 

6,00 

11 

40 

20 

33.5 

1,675 

2.40 

6.00 

14 

41 

20 

40.0 

2.0 

2,25 

6,CK» 

16 

40 

20 

33.6 

1,675 

2,10 

6.00 

20 

60 

20 

26 

1,25 

2,00 

6,^ 

20 

80 

4o 

3 

0.325 

1.85 

6.31 

6.0 

77 


C^) 
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scHoe correlaldLoii between the nonlinearity and the noise of MOSFEX 
in weak and moderate inwrsion regions. This is expected because 
both of them are influenced by surface state charges* But no 
correlation exists in linear region as seen in Table 4,1 (a). This 
is because the condition in MOSFET in the linear region is less 
sensltiw to surface states, 

Ftn^ber Investigation is needed before anything can be 
said Quantitatively about the correlation between the nonlinearity 
and noise of the device* Moderate inversion region should be 
further explored* 


CmPTER V 


COUCLUSIOH 

foclay^s HOSEET models lack the level of precision 
reqtjlred for proper analog circuit design. This is specially true 
of the cd^utetionally efficient models ijsed in CAD, which use 
soEue appraximations that are too crude fcr scsne piarposes 
particularly for low voltage applications. 

In this present work, MOSFBT has been characterized 
in all the regions of operation using cross modulation technitiue. 
It has been ^jown that subtle nmnoes of device characteristic 
can he observed using this techniqise| third order nonlinearity 
has been measured experimentally in all the regioi^® of operations. 
It decreases towards weak inversion region and also “towards the 
satuaation region* Thus the ioportance of device fflodelling 
in mc«ierate inversion region is ei^haslxed, A very ^literal 
model wiH not serve the purposes of modelling for CAD appll^-^ 
tions because of its computational complexity* ¥e have 
suggested a step towards modelling in the moderate inversion 
region using the general Pao-Sah model. Suitable approxlH® tions 
have to be made in that model to arrive at an analytic equation 
in the moderate Inversion region, thus maintaining a uniformity 
in transition from weak inversion to strong inversion region, 

¥e have simulated the cross raodulaticaa behaviour of 
MOSFET using SPICE* Parameter extraction for this was done 
experimentally. Some software has also been developed which is 
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to be «sod with SPICE to find the cross modulation coa^onents* 
Con^arison of simtxlated results with the «3i|5«riBen1ail ones 
has sho\m large differences although <iualitatlwly they agree, 
Ihs® laresent investigation has also shown a source 
of nonlinearity ©yen in the linear region, Ihis has been 
verified for various bias conditions. 

The noise behayloitjr of MCXSFET Ms also been studied. 

W© have measured noise of MOSFET in various regions of 
operaticraf* It Ms been |a*oved IMt fllclcar noise in modeMte 
inversion can not be predicted by the ©tuattcms valid in weak 
inversion and strong inwrsion regions, 

5*1 SCGOeSTIOMS FOR FURTISI WORK 


There exists a lot of scope fcjr furtb^ worlt in 
precision modellir^ of MO^SPET, We have identified these areas 
throu^ nonlinearity and noise cMracteriMtion^j, The fact 
worth mentioning for the E^asurement and simulation in this 
characterizatLm is that at every stage proper care has to M 
taken to avoid extraneous sources of nonlinearity and noise, 

We could not probe deep inside weak inversion 
region because gaiu of the system Mccmaes very maall and the 
output signal gets buried in noise. Suitable signal processing 
can be used for this purpose, 

Om source of nonlinearity in cross modulation 
experiment was apectrm analyzer itself. It Ms to be set 
properly to avoid any appreciable effect on the measvrement 
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of cross raodulation components. For further work some other 
technique of measurement is suggested. Since only one frequency 
compoi^nt is of interest in the output spectrimif a narrow bandpass 
filtering or frequency shifting can be used, 

fheoretical work has to be done in the modelling of 
device in the moderate inversion region, A& mentioned earlier 
an approximate analytic expression can be found for device 
operation in this region using the general formulation. To 
check the validity, the results of that modelling can then be 
compared with those experimentally obtained by us. The source 
of nonlinearity in the linear region also needs theoretical 
modelling 

We did all analysis on Nonlinear behaviour of 

CMOS asgitllfier also be investigated. The first order 

and third order terms are plotted in Fig. 5.1. It shows some 
asymmetrical behaviour about the cMractdristic. This may be 
due to unmatched device (VTO (n~ctennel) » 1,875 V, VTO 
(p-channel) #» 1,45 V). Through some suitable design technique 
it should be possible to minimize the nonlinear components. 

We used simple oscilloscope i^lhod for noise measurement,, 
which is not a very accurate metlKwi* M«a*eover^ it averages Out 
all the frequency components of noise. Measurement of spectral 
density at one particular low frequency ^^oula be metre meaningful. 
This can be done by having a small digital system to do sampling 



input Voltoge V, (,ol,s) C«npu„„„ 



Output Voltage \lo (Volts) 

(b) 

Fig 5 1 Cross modulation measurement on CMOS 

(a) Nonlinear effects vs bias 

(b) DC transfer curve 
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at suitable rate and then 'teking DFT. Signal amlyzers ai*e 
available to do this also be done in analog 

fashion toy using a narrow bandpass filter squaring the 
output signal and -then averaging it. 



APPENDIX A 


TYPES OF NONLINEAR EFFECTS 

INTERMODDLATION 

The process by which two cr more signals combine in a 
nonlinear laanner so as to pmduce new frequency components is 
termed intermodulation. 

CROSa MODULATION 

Cross modulation is the nonlir^ar effect whereby 
modulation from one signal is transferred to another. In this 
way sevwe distcartion can be generated by an interferer that 
is widely separated in frequency from the desired signal. 

DESENSITIZATION 

The nonlinear effect by which an Interfering signal 
reduces the apparent gain of the system is known as desensltl-' 
zatlon* For example, if a systam is excited by two sinusoidal 
signals of farequencles f^ and fgt from linear considerations 
ttte amplitude of the response at f^ should be ’unaffected 
the presence of the second signal at £2* Howe-ver^ in actual 
practice, it is observed that the amplitude of the i*esponse 
at f^ decreases as the amplitude of the input signal at £2 
exceeds some critical level, 

HARMONIC GENERATION 

The response of a nonlinear system to a pure sinusoid 
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is not purely sinusoidal* Due to harmonic generation the output 
contains sinusoidal con^onents at the fundamental input 
frequency and its integer multiples* 

GAIN C«PR1SSI0N/EXPANSI0N 

For a linear system all the nonlinear transfer fxmctlons 
cere 

above order one/identically zero and the voltage gain is a 
constant equal to the magnitude of 1:iie first order transfer 
function*, However the nonlinear ■tar'ansfer functions are not 
zei^ in weakly nonlinear system, ^^he voltage gain then depends 
nonlinear ly upon the magnitude of the input signal, 

SPURIOUS RESPONSES 

The problem of spurious response is <aae of the primary 
drawback to the superheterodyne design concept* Spurious 
responses are defined to be those responses ttet result from 
an interfering signal, or one of Its har^icmics,, mixing with the 
local oscillator signal, or one of its harmonics, to jaroduce 
a signal that falls within the IF pasmlssnd. 
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